History matching large reservoir models under a realistic geological continuity constraint remains an outstanding problem. We propose a new combined geostatistical and streamline-based method potentially capable of history matching large reservoir models, The methodology is presented on synthetic cases; it appears to be computationally efficient and robust.
Introduction
Historic production data can provide important information about permeability connectivity and distribution within a reservoir. The process of integrating production into reservoir models can be tedious for various reasons: (1) the flow simulator, also termed forward model, is CPU demanding, (2) other information pertaining to permeability is available that needs to be integrated jointly with dynamic data. The latter information usually consists of hard permeability (core or well-log) in wells, seismic (3D and 4D) information and information about the geological continuity of the reservoir traditionally modeled with a variogram.
We propose a combined geostatistical and streamline-based method for integration of production data, accounting for geological continuity. We concentrate on waterflood applications, but in principle, the method can be extended to other scenarios. The fractional flow (i.e., water cut) response at wells is mostly dominated by preferential flow paths of high permeability or low permeability flow barriers.
Moreover, the information provided by dynamic data on the permeability field relates to a global measure of flow paths existing within the reservoir. An ideal tool for detecting such paths is a streamline As opposed to more conventional finite difference simulators, streamline simulators move fluids along "streamlines" instead of between single grid blocks.
Although it is sometimes argued that streamline simulators do not solve the "full physics" of the flow (low compressibility and injection dominated displacement are generally assumed), they have the potential to solve that part of the physics that is mostly related to permeability heterogeneity. Hence, the properties of streamlines appear especially attractive when fashioning history-matching techniques to infer heterogeneity. Streamline simulators have the advantage of being order(s) of magnitude faster than traditional methods, moreover they have the capability to filter out useful information in the production data that relates most to permeability heterogeneity.
Streamline-based inversion methods are not new. 7 , 6 , 5 , 3 In fact, some of the basic ideas used here were elucidated by Brigham and AbbaszadehDehghani 8 for tracer testing. However, the current approaches do not integrate, in a consistent framework, geological information about the reservoir. Unlike current inversion methods, we propose to perturb the effective permeability along single streamlines, also termed streamline effective permeability, instead of perturbing single grid-block permeabilities.
In the proposed approach, we avoid calculating single grid-block sensitivity coefficients on the global grid. Instead we perturb streamline effective permeabilities serially. Because a streamline generally passes through a number of grid-blocks, potentially large changes are made to the permeability field per iteration step. Geological information is integrated within a consistent stochastic framework using a geostatistical methodology. The proposed geostatistical algorithm spreads the streamline effective permeability perturbation to the grid-block level, accounting for any given histogram and variogram of the grid-block permeabilities. We show that for the examples presented our approach is fast, simple, and flexible. In the discussion we present a strategy to apply this methodology to 3D cases.
Perturbing Streamline Effective Permeability
Although any existing streamline inversion method can possibly be used, we will follow the methodology developed by Wang and Kovscek. 6 Streamline-based history matching is essentially an iterative process whereby streamline simulations are run each time a change in the permeability field is made, until the error between calculated and measured production and pressure data is minimized. Wang and Kovscek 6 propose a streamline-based history matching method that calculates the change in permeability in two steps.
First, the error between measured and calculated fractional flow is related to an error in effective permeability along each streamline; this results in a proposed change or perturbation of the streamline effective permeability. Secondly, the perturbation in streamline effective permeability is mapped into a change/perturbation of individual grid cells. The algorithm is summarized as follows:
• Choose an initial model for the permeability field
• Start iteration that matches oil and water production.
(c) Translate the joint perturbation for all streamlines into a perturbation for each grid block (see Appendix A).
• Until the measured production matches the simulated production.
The advantages and limitations of this approach are amply discussed by Wang and Kovscek. 6 In this paper, we propose a geostatistical methodology for First, we present a review of the GMrf theory and the procedure to sample from these random functions by Markov chain Monte-Carlo (McMC) simulation. 13 Then, we describe the extension of the McMC procedure for conditioning permeability realizations to harmonic averages defined along streamlines.
GMrf Theory and Iterative Simulation. For a multiGaussian stationary random function provided. 13 The local conditional distribution (Eq. 6) is
Gaussian. The mean and variance of this Gaussian distribution are expressed as
An algorithm is presented 13 This new value is accepted with a probability α given: 13 Conditioning to Streamline Harmonic Averages. We extend the GMrf theory to allow conditioning to streamline effective permeabilities. We restate the problem of constraining to the harmonic averages as
be the random function describing the permeability field with covariance
. This permeability field needs to be constrained by the show that the Metropolis-Hastings sampler of the form (Eq. 9) can then be written as: . Note also that the first two terms require the normal score values ) ( ijk y u to be computed, while the last term (Eq. 11) requires actual permeability (data space grid).
Overview of the History Matching Algorithm
The overall algorithm can be summarized as follows:
• Choose an initial model for the permeability ) (u k 
(c) Use the mapping algorithm (see Appendix) 6 to obtain the perturbation for the grid-block permeabilities,
This mapping, which is deterministic, honors the • Continue iterations until production data is matched.
This procedure matches production data and ensures that geology, as embodied in the histogram and variogram, is reproduced. Because the streamlinebased inversion is relatively decoupled from geostatistical constraints, we anticipate computational efficiency. Approaches that decouple geostatistical constraints from inversion of production history have also been used with success to impose multi-scale coarse data. 16 , 15 This indicates that decoupling may be a robust approach to constraining reservoir models.
Examples
Several example applications follow. First, a simple quarter of a 5-spot pattern is used to fix concepts.
Next, a full 5-spot is matched. Finally, the case of a non-unit mobility ratio is explored. Case parameters are summarized in Table 1 .
Quarter of a 5-spot.
We demonstrate the geostatistics-based history matching algorithm with a set of two-dimensional examples. Figure 1 shows the exhaustive reference field over a 50 50 × rectangular grid. The reference field has been generated using the GSLIB program sgsim. 17 The physics of the flow simulation are as follows: A quarter of five-spot pattern is used with the injector at the lower-left corner and the producer at the upper-right corner. The flow system is water displacing oil. The mobility ratio equals unity. The relative permeability functions are given in Table 1 . Water is injected with constant rate, however, this is not a limitation of the method.
Pressure is fixed at the producer. Fifty-three streamlines are launched in the inverse process. The total flow simulation time is 1000 days or 3 pore volumes injected. The streamline simulator 3DSL is used for forward flow simulation. 1 The producer fractional flow curve for this reference field (bold line)
is shown in Fig. 3 , including the permeability histogram and variogram. For this specific variogram, the GMrf weights of Eqs. 7 and 8 are obtained (Fig. 2) . It appears clearly from the previous two cases that production data does not inform geological heterogeneity, it merely places high and low permeability areas in the "correct" location such that the history is matched. Indeed, in an actual reservoir, the variogram itself is uncertain since it is estimated from limited well data. Hence, it is relevant to ask:
What would happen if we assume the wrong geological heterogeneity, hence the wrong variogram?
We assume a wrong variogram with major direction of continuity set to N45W and the major and minor ranges are 11.0 and 5.0 grid units, respectively. The procedure as applied in the previous case is followed.
The history-matched permeability field is shown in Similar well conditions and mobility are considered as the above 50 50 × case, i.e., mobility ratio M=1 (see Table 1 ). During iteration, 178 and 299 streamlines are Table   2 shows the overall computational work for each case and its breakdown for each component of the inverse process. The jobs were run on a 600 MHz DEC alpha machine. For a small number of grid-blocks ( 50 50 × case) and unit mobility ratio, the major cost can be attributed to GMrf. This is largely due to the computing overhead associated with the GMrf.
However, as the number of grid-blocks increases, the computational work of the flow simulation increases rapidly, but that of Gmrf procedure increases at slower rate. We observed that the CPU cost of the flow simulation grows quadratically with number of gridblocks, while that of the GMrf process grows slightly faster than linearly. In any case, the CPU time 
Grid-Block Level
The original streamline inversion algorithm in Wang and Kovscek 6 uses a nongeostatistical method for mapping the permeability modifications onto grid blocks in the following way. First, we compute the TOF-weighted sensitivity of streamline effective permeability to the permeability change of grid-blocks along the streamline. Next, a scheme is developed to compute the modification of grid-block permeability based on the sensitivity and the desired change of streamline effective permeability.
Compute the Weighted-Sensitivity
The formulation for computing the sensitivty of effective permeability of streamline i to the permeablity change of grid-block j is derived from Eq. 1. The resulting equation is as follows. 
